Abstract-In general, a major challenge for the exploitation of renewable energies is to improve their efficiency. In electricity generation from the energy of ocean waves, not unlike other technologies, the converter must be optimized to make the energy harvesting economically feasible. This paper proposes a passive tuning control strategy of a point absorber in which the power captured is maximized by controlling the electromagnetic force of the generator with a resistance emulation approach. The proposed strategy consists of mapping the optimal values for regular waves and applying them to irregular waves. This strategy is tested in a wave energy converter in which the generator is connected to a boost rectifier converter whose controller is designed to emulate a resistance. The power electronics system implemented is validated by comparing its performance with the case in which the generator is directly connected to a resistive load. The simulation results show the effectiveness of the proposed strategy as the maximum captured power is concentrated around the optimal values previously calculated and with the same behavior for both excitations.
I. INTRODUCTION
T HERE is a global consensus on the use of renewable energies. In this context, the sea has great energy potential to be exploited in different ways, and it has been the subject of many studies. A significant group of technologies is based on the conversion of the ocean wave energy into electricity by a wave energy converter (WEC). Several WEC technologies have been proposed, but they are still at research and development stage [1] - [3] . This work is focused on the point absorber converter developed at Uppsala University [4] . It is a direct drive WEC that is composed of a buoy connected to a power take-off (PTO) system on the seabed. The energy conversion in the PTO is made through a linear permanent magnet synchronous generator (LPMSG), a complex and somewhat expensive machine.
However, by using it, there is no need to apply any intermediate system, such as hydraulic or pneumatic, to convert the low speed from the ocean waves (frequency around 0.1 Hz) into high speed for conventional rotary generators. In addition, not having such mechanical connections is very interesting from the point of view of reducing maintenance costs.
One method of optimizing, the wave energy harvesting is to define a buoy with appropriate geometry [5] . In addition, an important issue to be considered for the feasibility of harnessing wave energy is the control strategy upon the WEC, on which both design and operation are highly dependent [6] . In this sense, [7] assesses how the geometry optimization works with usual control methods. The controller must be designed to deal with the natural irregularity of oceanic waves in amplitude, phase, and direction [8] . There are many control strategies that could be applied depending on the specific characteristics of each WEC [6] , [9] . In the case of heaving buoys, one of the most widespread strategies is passive tuning, based on the application of a resisting force proportional to velocity [10] , where the ratio of force to velocity is called the damping coefficient. In this type of tuning, the sea state is taken into account to calculate the optimal damping coefficient. On the other hand, active tuning is based on estimating the dominant wave frequency by an analysis of measured wave elevation and device velocity [11] . The fact that the incoming wave has to be known brings some difficulty to this method. Regarding this issue, prediction of variables such as force and velocity in a time horizon is required, as can be seen in [12] and [13] . Based on these predictions, different methods to optimize the captured power can be found in [13] - [15] . Furthermore, it is important to ensure an efficient control of a single WEC so that the strategy can be extended to the control of a wave farm, as in [16] .
A WEC with an LPMSG requires power electronics to convert the generated electrical energy to a form suitable for the external electrical grid. The contribution of this work is an implementation of the control strategy of the electronic converter to improve the efficiency of the given WEC. The scheme, within the passive tuning approach, is to optimize the energy harvesting from the waves by varying the damping coefficient that, in turn, is modified by acting on the value of the equivalent resistance seen by the electrical generator. For this purpose, the ac-dc stage of the converter is implemented with a boost rectifier circuit to reach a unitary power factor, i.e., to emulate a resistive load as seen by the generator terminals.
In this paper, Section II describes the WEC and PTO models, and Section III details the proposed control strategy as well as its implementation. Finally, the behavior of the whole system is assessed under different conditions, including generated and real wave data, and the most significant results are presented in Section IV.
II. WEC DYNAMIC MODEL
In this work, the one degree of freedom point absorber from [4] , which is schematically shown in Fig. 1 , has been implemented in SIMULINK/MATLAB, where the input to the model is the incoming wave. Relevant specifications are listed in Table I . A cylindrical buoy is connected to the translator by a rope with high stiffness. The translator is the moving part of the LPMSG, where the magnets are set, and the stator is the static part with the windings. The nominal values of this generator related to the nominal speed of the translator (ν n ) are also given in Table I . In order to avoid damage on the PTO structure during the translator motion, there are upper and lower end stop springs to limit the maximum stroke. In addition, another spring connects the translator to the bottom of the structure. This spring applies a downward force on the the translator during wave troughs and an initial force F 0 to reach a specific buoy draft when the system is in equilibrium. The characteristics of the WEC are based on the compilation of information available for the converter L1 [17] - [20] . Finally, the LPMSG is connected to a power electronic converter.
A. Equation of Motion
The equation of motion is based on the linear theory, which takes into account that the fluid is incompressible (constant density), frictionless, and irrotational. Also, the wave amplitudes are considered small compared to the wave length [21] , [22] . This is a reasonable approximation in the most frequent sea states, where the motion is limited. A discussion on modeling higher order hydrodynamic effects can be found in [6, pp. 37-38] and references therein. As previously stated, the system under study is a circular cylinder buoy partially submerged, in a heave motion, according to the model presented in [17] . The system consists of the following coupled integrodifferential equations in which x is the translator position and y is the buoy position The line force F w on the connection between the buoy and the translator acts as a coupling point between both systems, buoy and electrical generator. Depending on the displacement of the buoy and the translator, F w can be null, decoupling both systems, as described by the model
where k w is the rope stiffness. Added mass at high frequencies and the radiation IRF are calculated from the hydrodynamic parameters of the buoy, which are given in the frequency domain. These hydrodynamic parameters can be derived numerically, e.g., using software packages such as ANSYS Aqwa [24] , the one used in this work. The hydrodynamic parameters are: added mass A(ω w ), potential damping B(ω w ), and the Froude-Kriloff and diffraction forces, also known as wave-to-force response amplitude operator (RAO) τ RAO , where w w is the wave angular frequency [25] . m ∞ b is obtained from the buoy added mass at high frequencies A(∞). The radiation IRF k r according to [26] can be calculated by
In this work, k r is represented by a state space model using the method proposed in [26] . Other identification methods for similar application can be found in [27] - [29] . The excitation force can be defined as follows:
where ζ(t) is the elevation of the sea surface and k e (t) is the wave excitation IRF calculated by
Equation (5) is the inverse Fourier transform of the complex frequency response function K e (jω w ) that may be given in terms of the wave-to-force RAO
where |τ RAO (ω w )| and φ τRAO (ω w ) are the amplitude and phase of the wave-to-force RAO, respectively. The identification method applied to the wave excitation IRF is the same as the one applied to the radiation IRF. However, the wave excitation IRF is noncausal which results in an unstable representation either by a transfer function or by state space variables. One way to avoid this problem is to make the wave excitation IRF "approximately causal" as presented in [28] .
F em is the electromagnetic force provided by the linear generator detailed in Section II-B. The retraction force F s is the force applied by the spring at the bottom of the structure and modeled by
where k s is the spring stiffness, and F 0 is the force of the retraction spring in the equilibrium. The end stop force F stop is the force applied by the upper and lower springs to break the translator motion. F stop is decomposed into
where F u and F l are the upper and lower end forces, k u and k l are the the upper and lower spring stiffness, and l u and l l are the upper and lower spring lengths.
B. Linear Permanent Magnet Synchronous Generator
The dynamic model of this machine is similar to a rotating synchronous generator. In a linear generator, the mechanical translation is in synchronism with the magnetic field. As in a rotating generator, it is common to express it by a rotating reference frame that moves at synchronous speed ω (dq-model) [30] .
T is a generic three-phase vector, the dq0 variables are calculated by
where θ = ωt. As the LPMSG is balanced, then v 0 = 0. The linear speed of the translator is related to the electrical angular frequency byẋ
whereẋ, f , and τ p are translator speed, electrical frequency, and pole width, respectively. The dq-model equations for the LPMSG are as follows:
where e d , e q and i d , i q are the back EMF voltages and currents in the direct and quadrature axes, R s is the armature resistance, and λ d , λ q are the linkage flux described by
where L s is the synchronous inductance and λ PM is the total flux from the permanent magnet (PM). The three-phase power output of the stator in dq-model is
From (13), the electromagnetic power, i.e., the power transferred across the air-gap, is
The electromagnetic force that opposes the motion as a damping force is
Finally, the active area of the stator, i.e., the area of the stator covered by the translator, is assumed to be constant and not dependent on the translator position.
III. CONTROL STRATEGY
Some preliminary results about the behavior of the model described in Section II can be found in [31] , where the WEC is connected directly to a three-phase resistive load ( Fig. 2) with no control action. In general, the control system of a point absorber oscillating in heave actuates through the PTO, and it is based on the fact that the position of the actuator and the buoy are directly related. One particularity of the WEC of this work is that there are some situations in which this is not true, particularly when y ≤ x, resulting in independent dynamics between buoy and translator. With a similar approach as in [32] , in the sense of using a sea state based optimization, this section proposes a control strategy to maximize the power extraction for each given sea state and its practical implementation through a variable reactive force in the linear generator.
A. Optimal Power Point
At this point, regular waves, i.e., harmonic waves, as described in [33] , are used to excite the system. Their waveenergy transport is defined by
given in (W/m), where ρ, g, T , and H are fluid density, acceleration due to gravity, and wave period and height. It is important to notice that H is twice the wave amplitude. The electromagnetic force developed by the linear generator can be modeled as a viscous damping, which leads to a damping coefficient proportional to the translator speed described by F em = γ ·ẋ [34] . As the electromagnetic force can be calculated by (15) , the damping coefficient can be found for a given speed. In terms of power, the damping equation can be rewritten as P em = γ ·ẋ 2 . Further, the incident power on the buoy is P b = J · d b , where d b is the buoy diameter. Thus, the ratio of captured power can be defined as P ratio = P em /P b . However, the power captured in reality is hardly above 20% of the waveenergy transport [35] and many efforts have been devoted to optimize the captured power. For example, [14] , [15] , [36] , and [37] present optimization methods for generic PTOs by acting directly on the damping coefficient. These methods are usually compared to established control strategies as latching [38] and declutching [39] . However, in this work, the comparison with a latching control is not possible because the buoy is not rigidly connected to the PTO, as generic ones are, and the system is unable to "lock" its motion, and the comparison with the declutching control is not feasible due to electrical instabilities in the converter when unloading the LPMSG.
In this work, the WEC is connected to a three-phase resistive load R load as shown in Fig. 2 . The system has been subjected to multiple excitation where the period (T ) was varied between 2 and 16 s with steps of 0.25 s, and the height (H) was varied between 0.1 and 2.7 m with steps of 0.1 m. These wide ranges of periods and heights were chosen not taking into account any specific place. For each period and height, the system was loaded with different values of resistance. It is observed that each load is related to a PTO damping coefficient, as shown in Fig. 3 , where the higher the load, the lower the PTO damping coefficient. This relationship is independent of H and T and it is not a generic curve, being highly dependent on the generator characteristics. This relationship is an important aspect for a direct drive WEC, as it is possible to take advantage of the power electronic converter connected to the LPMSG to control the PTO force, as it is explained in Section III-B.
These simulations also allow the evaluation of the captured power. Note that the captured power is the power developed by the LPMSG rather than the buoy. Fig. 4 shows the ratio of captured power profile (P ratio γ-curves) for some sets of period and height. For each P ratio γ-curve, it is possible to identify the maximum power point and the respective PTO damping coefficient that is defined as the optimal damping coefficient γ op , which, in turn, is associated with the optimal resistance R op . Finally, the optimal damping coefficients can be organized with respect to period and height as shown in the colored surface of Fig. 5 .
For comparison, the system has been modeled in a simple way with a linear electrical analogue as in [40] , and taking into account the following linearizing assumptions: the translator and the buoy are rigidly coupled (y = x), and the action of the end stop springs is neglected (F stop = 0). Thus, the optimal damping coefficients (shown in the gray surface of Fig. 5 ) can be theoretically calculated by applying the maximum power transfer theorem. In addition, it is verified in Fig. 5 that the more the nonlinearities are present in the system, the greater the difference between both results is.
Realistic seas do not have periodic waves. Usually, they are described by statistical parameters such as energy period and significant wave height. The approach of using the optimal values obtained from height and period of regular waves, instead of these statistical parameters, as a simplification for irregular waves, is applied in this work and it can be found in others also, e.g., [14] , [41] .
B. Resistance Emulation
Since the proposed method is based on that, for given values of wave height and period, there is a resistance related to the maximum power point, the objective is to implement a circuit able to emulate that resistance seen by the linear generator that allows the WEC to extract the desired power. Emulating a resistance means to make current proportional to voltage and, therefore, to reach unitary power factor. One way to obtain it is by using the three-phase ac-dc boost rectifier [42] . This converter, whose topology is shown in Fig. 6 , is connected to the linear generator by a submarine cable. It is made up of six single-pole single-throw (SPST) current-bidirectional twoquadrant switches and requires an inductor in the ac-side to filter high-frequency harmonics. The dc-side is modeled by a dc-source. The boost rectifier operation requires the dc voltage V dc to be greater than the peak value of the line-to-line input voltage. The switches of each phase are complementary, i.e., while Q 1 is conducting, Q 4 is blocked. The emulated resistance R e is obtained by controlling the switching. In other words, the switching sequence provides a voltage in the ac-side of the converter that makes voltage and current proportional at the measurement point.
The switching strategy implemented to emulate the resistor was the hysteresis-band current control [43] , whose principle is shown in Fig. 7 . The hysteresis control is based on a nonlinear feedback loop with two-level hysteresis comparator. The switching signals are produced when the absolute error |i * − i| exceeds the band β/2. In this way, each measured current One possibility of implementation is to use three independent controllers, one for each phase, as the one shown in Fig. 8 for phase a. In this case, the upper switch Q 1 turns on when the measured current i a is greater than the upper limit of the band (i max ), and it turns OFF when i a is lower than the lower limit (i min ). Note that the logic presented in Fig. 8 corresponds to the phase current polarity taken from the generator to the boost rectifier. The special advantage of this controller is the fact that there is no tracking errors (very fast response), which makes it ideally suited for this type of generation as the voltage generated is constantly varying according to the incoming wave. The current is supposed to be kept within the hysteresis band; however, if there is no neutral connection in the circuit, in the case of three independent controllers, the actual current can reach double value of the hysteresis bandwidth [43] . As the emulated resistance must be seen by the generator terminals, the phase voltage and the line current are measured at this point. A current reference is generated for each phase, and it is defined by the quotient between the phase voltage and the required resistance R e as shown in Fig. 8 .
IV. SIMULATIONS AND RESULTS
The proposed method to maximize the captured power is based on the adjustment of the damping coefficient of the electrical generator by setting an equivalent resistance seen by its terminals. The optimal damping map was obtained by exciting the system with regular waves for several combinations of wave period and height (Fig. 5) , and a boost rectifier (described in Section III-B) was implemented to set the optimal resistance (R op ) associated with the optimal damping. The simulations of this system are presented in this section and they are intended to illustrate the applicability of the implemented electronic circuit and to verify that the proposed control strategy achieves the maximum captured power.
Different time series of irregular waves have been generated according to [21] by using the ITTC spectrum, which is a variation of the two-parameter Pierson-Moskowitz spectrum [44] . In this work, the statistical parameters used are the energy period T e and the significant wave height H s . The wave-energy transport, in this case, is [ 
A. WEC Operation
To assess the proper operation of the boost rectifier, the system illustrated in Fig. 6 was simulated with a wave time series generated with T e = 8 s and H s = 2 m. For this specific wave state, according to Section III, the load seen by the generator terminals is set to 1.3 Ω, which, in turn, is associated with the optimal damping. The electrical generator is connected to the boost rectifier through a cable in series with a filter whose equivalent resistance and inductance are R c = 0.44 Ω and L = 100 mH, respectively. The main waveforms resulting from this simulations are presented in Fig. 9 . The generated phase a voltage v a (t) is presented in Fig. 9(a) for the first 200 s of simulation. Fig. 9(b) shows a time zoom of v a (t) along with the corresponding line current i a (t) illustrating that the implemented boost converter achieves its goal of keeping voltage and current in phase. The captured power profile is presented in Fig. 9(c) , where the dashed line is the average power (P av = 4.32 kW).
To show the performance of the emulation resistance approach to control the damping coefficient and, thus, to achieve the maximum power point, the results obtained in the previous simulation are contrasted with the ideal case in Fig. 10 . In the ideal case, the WEC is connected directly to a threephase resistive load (Fig. 2) and it is excited with the same wave time series. Fig. 10(a) shows the current in both models, and Fig. 10(b) shows the captured power. In both graphics, it is observed that the waveforms are practically the same. There is a very tiny phase shift between them because the measured voltage, used to calculate the current reference in Fig. 8 , must be filtered at high frequencies. Another difference is the ripple due to switching in the boost rectifier. Although the system has a variable switching frequency, it is always below 10 kHz, which is a reasonable rate in electrical power systems, for a hysteresis band of ±0.4 A.
B. Performance of the Proposed Control Strategy
Another group of simulations was carried out to verify the effectiveness of the strategy proposed in this paper. For this purpose, sixteen different wave time series of irregular waves with duration of 1000 s were generated and sorted into four groups according to their statistical parameters. Each wave time series was simulated with the optimal resistance R op and four other resistances (R 1 , R 2 , R 3 , and R 4 ) with values close to R op . Table II lists the wave state groups in which each wave time series presents the emulated resistances (first line) and their respective average captured powers (second line). Notice that R 2 and R 3 have a minimal variation with respect to the optimal resistance. It is verified that the maximum captured power is concentrated in R 2 , R op , and R 3 . The deviation of the captured power with respect to the optimal resistance does not exceed 3%.
To examine the behavior of the P ratio -γ curves in the case of irregular waves, the wave time series which had more captured power for the optimal resistance in each wave state in Table II were selected. These time series were simulated with sampled values of emulated resistance and they had the P ratio -γ curve compared with their respective curve for regular wave obtained by the ideal case (Fig. 2) . As shown in Fig. 11 , the P ratio -γ curves in the simulations have a similar shape, in the sense that the captured power increases with the damping coefficient up to a maximum point, and it then starts to decrease. It can be noted that the P ratio -γ curves are quite different in P ratio , because regular waves carry more energy per meter of wavefront, as shown in (16) and (17) . However, for both regular and irregular waves, the optimal damping coefficients are almost coincident. Thus, it is possible to conclude that mapping the maximum power point for a combination of wave heights and periods for regular waves and applying the optimal values of the load seen by the electrical generator to irregular waves improves the efficiency of the system compared to any other electrical load.
C. Simulations With Real Wave Data
In this part, the system was simulated with four wave time series measured from real seas to validate the results obtained from the numerically generated wave time series in Section IV-B. For that, the measured data were collected from different buoys available in [45] , where the displacement time series sampled at 1.28 Hz, with sea states close to the presented in Table II , is provided. Information about the wave data is presented in Table III , where the buoy reference (station), the location in terms of latitude and longitude, the date and hour of measurement, and the significant wave height and energy period calculated according to [21] for the first 1000 s are indicated.
The methodology used to assess the results is the same as in Section IV-B, and series (waves 17, 18, 19, and 20) was obtained from the system set with five different emulated resistances, including the optimal resistance (R 1 , R 2 , R 3 , R 4 , and R op ). It can be seen that the maximum values of average captured power are concentrated around R op , as in the case of generated waves. The maximum deviation of the maximum average captured power with respect to the optimal resistance is 1%, lower than the case of generated waves. Another analysis is the comparison of P ratio -γ curves of the measured wave time series and its respective regular wave as shown in Fig. 12 , where the results are similar to those presented in Section IV-B. On the other hand, despite the fact that the sea states of the measured wave time series are slightly different from the generated wave time series, the P ratio -γ curves are very similar both in magnitude and in shape, showing the validity of the proposed strategy for real seas.
V. CONCLUSION
A good control strategy applied to the WEC is important to make its operation efficient. In fact, many control strategies have been developed for different types of WEC to maximize the captured power. The challenge in designing these types of controllers is to tune them by taking into account the nondeterministic characteristics of the waves. The proposed method, which is defined by mapping the optimal values for regular waves, proved effective when applied to real seas as long as the statistical parameters are identified. Simulations with different wave profiles have shown that the maximum captured power is around the optimal resistance previously identified, and that the P ratio -γ curves of an irregular wave and the ideal case have similar behavior. In addition, the implemented controller of the boost rectifier has shown to be a feasible way to control the electromagnetic force in this system. Although an efficiency drop is expected for large buoy motions, the work described in this paper shows that the proposed strategy works efficiently for height and period values where the higher order hydrodynamic effects can be neglected.
